Abstract This paper examines possible adaptations to climate change in terms of pasture and crop land use and stocking rate in the United States (U.S.). Using Agricultural Census and climate data in a statistical model, we find that as temperature and precipitation increases agricultural commodity producers respond by reducing crop land and increasing pasture land. In addition, cattle stocking rate decreases as the summer Temperature-humidity Index (THI) increases and summer precipitation decreases. Using the statistical model with climate data from four General Circulation Models (GCMs), we project that land use shifts from cropping to grazing and the stocking rate declines, and these adaptations are more pronounced in the central and the southeast regions of the U.S. Controlling for other farm production variables, crop land decreases by 6 % and pasture land increases by 33 % from the baseline. Correspondingly, the associated economic impact due to adaptation is around −14 and 29 million dollars to crop producers and pasture producers by the end of this century, respectively. The national and regional results have implications for farm programs and subsidy policies.
altitudes (Neilson et al. 2005) . These shifts will cause some ecosystems to expand and others to shrink . Specifically, warming is likely to increase the productivity of crops relative to livestock in cool places but reduce crop productivity in relatively hot locations. Thus, adaptation strategies are likely necessary (Rose and McCarl 2008) . In fact, adaption is nothing new for agriculture as producers have already adapted to local climate changes (Herrero et al. 2008; McCarl 2007; Hoffmann 2010) .
Studies have considered climate effects on crop production, livestock production, and both (IPCC 2007b; Hahn et al. 2005; Mader et al. 2009 ; U.S. Climate Change Science Program 2008; Jones and Thornton 2009). With climate change, land use changes are expected to occur among agricultural enterprises (Adams et al. 1990; Zilberman et al. 2004 ). For example, as climate becomes hotter and wetter, African farmers are likely to increase joint production of crops and animals (Seo 2010) . A hot and dry climate in Africa is expected to favor livestock over crop production in high elevation areas (Seo et al. 2009 ) and livestock ownership is likely to decline as the climate becomes wetter (Seo and Mendelsohn 2008a, b) .
However, few studies have examined adaptation to climate change via farmland use change and livestock stocking rate adjustment, in particular. It is well known that climate change effects are not uniformly distributed, some regions may gain and others may lose. Thus, better understanding of the effects of climate change adaptations on the welfare distributions is important information for farm programs and subsidy policies. The purpose of this paper is to examine U.S. adaptation possibilities in terms of livestock and crop land use change and livestock stocking rate change. We do this using a Fractional Multinomial Logit (FMLOGIT) model to estimate the effects of climate variables on land use shares and a Ordinary least squares (OLS) regression to examine livestock stocking rate. Based on our statistical results, we project adaptation to climate change scenarios from the 2007 IPCC report and evaluate the economic impacts of these adaptation strategies.
Material and methods

Data
Data for this study include crop, pasture and total farmland acres, livestock stocking rate, climate and social-economic variables. Our sources of agricultural data are the Census of Agriculture and the U.S. Department of Agriculture (USDA). The data are available by crop reporting districts from 1987 to 2007 1 at five-year intervals -the time gap between observations is long enough to allow land use change and stocking rate change. From the acreage data, we derive the percent share of crop land and pasture land in each crop reporting district.
The stocking rate (SR) is the number of animals on a unit of land over a certain period of time (Redfearn and Bidwell 2011) . Such data are not readily available. Consequently, we construct it. We develop a district level number of equivalent animals based on the Animal Unit Month (AUM) concept, which normalizes populations based on the amount of forage required. We do this across the annual inventory of beef cows and milk cows, beef cow replacements, milk cow replacements, and calves in each crop reporting district using data from the USDA National Agriculture Statistics Service (NASS). In particular, following Redfearn and Bidwell (2011) and Pratt and Rasmussen (2001) , 2 we assume that AUM conversion factors for milk cows, replacements of beef and milk cows, and calves are 1.5, 0.7, 0.8, and 0.6, respectively. Hence, the stocking rate for cattle in the ith crop-reporting district is calculated as follows,
where AUE ik and Inventory ik is the Animal Unit Equivalent and the number of kth animals, respectively; k 0 beef cows, milk cows, replacement of beef cows, replacement of milk cows, and calves, and Pastureland i is the total acreage of pasture land for grazing use. Climate variables include seasonal mean temperature and total precipitation for the 3 years preceding each census year 3 from the National Climatic Data Center (NCDC). Temperature is measured in degrees Fahrenheit (°F) and the total precipitation is measured in inches. We also include other variables that represent extreme climate conditions. In particular, & A temperature-humidity index (THI) is computed using the formula developed by Dikmen and Hansen (2009) IPCC (2007a) , is the percent of annual total precipitation due to events exceeding the 95th percentile. The 95th percentile is derived from ranking all daily precipitation between . For each year, we sum the daily precipitation that exceeds the 95th percentile using a ranked list of daily precipitation from the smallest to largest value. The equation for calculating the precipitation index is, preint ¼ total annual precipitation that exceed 95th percentile ð Þ Ã 100 total annual precipitation We also incorporate other economic and geographic variables including market values of crop and livestock products (both in $1,000), and dummy indicators of market regions with sub-region 6 as the reference point (see Table 1 ).
The total dataset contains observations for five census years amounting to 1,034 observations in total. The share of crop and pasture land area account for over 90 % of total farmland in most crop reporting districts. Currently, crop and pasture land shares are 58 % and 31 % of the total farmland, respectively, and the average stocking rate is 0.35 animals per acre. Table 2 displays the statistical characteristics of the variables used in this study.
Theoretical model
Following Seo et al. (2010) , the impacts of climate on farmland use share can be measured by examining how the probability of land use for cropping versus pasture varies as a function of climate variables. Controlling for all other factors, if land use in cropping is less profitable than land use in pasture, farmers would prefer using land for livestock production, which translates into a smaller probability for cropping and a larger one for pasture use. 3 For example, when the dependent variable in our model is from 1987, we use the seasonal averaged climate over 1985-1987, and Theoretically, change in land use between crop and pasture can be described by Fig. 1 . The L is the total farmland which is assumed fixed, and from left to right shows the land allocated to crops, thus, the rest is pasture land use. The two sloped lines are the marginal returns to land allocated to crops and pasture, P L is the land price; L 1 is the land allocated to crops and L-L 1 is the land allocated to pasture under current conditions. With climate change, the returns to crop and pasture are represented as dash lines and L 2 , L-L 2 is the land allocation for crop and pasture under climate change, respectively. In this case, substitution occurs between crop and pasture land use when productivity and returns shift differentially.
Econometric models for land use shares
Land use for crop and pasture can be computed in terms of proportional shares, which fall between zero and one. Under this limited range of values, traditional estimation methods (linear regression, general linear method, etc.) are not appropriate (Ramalho et al. 2011) . We employ the estimation method developed by Papke and Wooldridge (1996; , who introduce a quasi-maximum likelihood estimator (QMLE) to obtain a robust method to estimate fractional response models without an ad hoc transformation of boundary values (Ramalho et al. 2011) .
Thus, the conditional mean model for land share is assumed to be E ls ij jx i Â Ã ¼ G j b; x i ð Þ , where ls ij is the proportional share for the jth land use in the ith crop reporting district; β are parameters to be estimated and x i are explanatory variables listed in Table 2 , including climate conditions, extreme events and social-economic characteristics. Following Koch (2010) , keeping ls ij within the unit interval [0,1] can be accomplished by assuming the multinomial logit functional form for G j (β, x i ), such that the conditional distribution of land share among M farmland uses is given as, The 10 market regions provide a consolidation of regional definitions. Forestry production is included in 8 of the market regions (all but Great Plains and Southwest), whereas agricultural production is included in all of the market regions. The Great Plains and Southwest regions are separated to reflect important differences in agricultural characteristics Some normalization is required for Eq. (1) because not all cases of β j will be separately identified in the multinomial quasi-likelihood function (Mullahy 2010) . Thus, β M 00 is used. Then the estimation function is given by,
Together with Eqs. (2) and (3), the conditional distribution of land share also enforces Eqs. (4) and (5) and accommodates Eqs. (6) and (7) 
Assuming the functional form of the conditional mean model is correct and following Gourieroux et al. (1984) and Mullahy (2010) , we estimate a quasi-maximum likelihood (QML) function simultaneously and efficiently. Examples of applications of this method can be found in Mullahy and Robert (2010) , Koch (2010) , and Mullahy (2010) , as well as in the transportation research literature (Ye et al. 2005) .
Given the estimation results, our focus is on average partial effects (APE), which is the effect of a change in one of the explanatory variables on the land use shares (as in Mullahy and Robert 2010) . Partial effects can be calculated from Eq. (1) directly depending upon whether the variable of interest is discrete or continuous. Suppose x il is a continuous variable, then the partial effect of a change in share ls ij is the derivative of the expected conditional mean,
Similarly, if x il is a dummy variable, the partial effect is a ratio of the differences of the expected conditional mean and the change in x il ,
Given Eqs. (8) and (9), APEs can be calculated after estimation, and their corresponding standard errors are computed using delta methods.
Econometric models for stocking rate
Livestock stocking rate also may be affected by climate. According to Redfearn and Bidwell (2011) , maximum animal performance occurs at light stocking rates because there is little competition for the best forage plants in the pasture. Furthermore, they state that the number of animals that can be placed on a particular piece of land depends on the forage supply with lower supplies lowering the stocking rate. As stocking rate increases, individual animal performance is reduced due to increased competition and the total amount of weight gain produced per acre increases up to a threshold and then declines. Implicit in these observations is a climate effect on stocking rate via the climate effect on forage growth. Therefore, we estimate livestock stocking rate as a quadratic function of seasonal temperature and precipitation. The general econometric model for cattle stocking rate is given as,
where z i presents a vector of explanatory variables affecting cattle stocking rate in the ith crop reporting district and α are the corresponding coefficients. To check whether climate variables have different influences on the various quantiles of stocking rate, we employ the Ordinary Least Square (OLS) regression and Quantile regression to estimate climate effects on cattle stocking rate.
Empirical results
Land use shares and climate
Now, we turn to the empirical results of the econometric model with three farmland uses of cropping, grazing and other (i.e., M03) and model robustness tests. We report results with and without regional effects. Due to the interaction and squared terms, the signs and magnitudes of the individual estimated coefficients in Table 6 do not fully represent the effects of each climate phenomenon. Therefore,we derive the true marginal effects of temperature and precipitation by calculating the average partial effects. Table 3 reports average partial effects of explanatory variables on land use shares. In most cases, these results have opposite signs for cropping and livestock grazing land uses reflecting land competition and substitution. Temperature results indicate that spring and summer temperatures have statistically significant impacts on land use allocation. In the spring, crop land increases with warmer temperature. However, in the summer, we see that increases in summer temperature are associated with increased share of livestock land use. Additionally, an increase in the number of summer hot days relates to a land use shift into livestock, consistent with findings that extreme heat is harmful for crop yields (Schlenker et al. 2005 Schlenker and Roberts 2006) and forage yields are less sensitive than crop yields (Holden and Brereton 2002) .
The Palmer drought index can be used to investigate long term drought effects on crop and pasture land use. The probability of pasture land increases when summer droughts become more severe. However, more land is converted to crop from pasture use when winter moisture deviations increase, probably because winter moisture allows early planting. However, for short time rainfall conditions, we find that the probability of crop land declines when precipitation increases in summer, suggesting excess rainfall can be harmful to crop growing. In contrast, the probability of pasture land responds positively to precipitation and increases with spring, summer and winter precipitation. In interpreting these results, we do think it is important to look at how the individual items influence land use but no single item would act on its own. For example, the Palmer drought index would also vary when temperatures and precipitation are altered. Robust standard errors are in parentheses; *p<0.1, **p<0.05, and ***p<0.01, respectively
Market values of crop and livestock products are two other critical factors. When crop production becomes less profitable relative to livestock production, farmers move land from crop to pasture. The opposite occurs when crop production becomes more profitable.
It is worth noting that our results with and without controlling for regional differences do not affect the direction of the climate effects. However, the likelihood-ratio test indicates that the model with regional effects performs better (p<0.01). We also examine results for each census time period to provide an alternative robustness test for model specification (following Schlenker et al. 2005 Schlenker and Roberts 2006) . Test results show that there is little change in estimated coefficients. In other words, our estimations for different periods are consistent indicating that model specification is robust.
Cattle stocking rate and climate
The relationship between climate variables and stocking rate from OLS and Quantile regressions are shown in Table 4 . Quantile regression models are used because they provide estimates approximating either the median or other quantiles of the livestock stocking rate rather than the conditional mean estimates.
Moisture is an important factor in explaining stocking rate (Meyer et al. 2008) . Results in Table 4 show effects of summer precipitation are significant and generally indicate that stocking rate initially increases and then decreases with summer moisture. Nationally, the peak of stocking rate occurs when precipitation is at 14 in.; however, the maximum stocking rate changes across regions because vegetation varies in composition and production largely due to changes in precipitation (Redfearn and Bidwell 2011) . We also find higher precipitation intensity has a negative effect on stocking rate as more intense rains tend to run off rapidly and thus do not effectively support forage yields and supply.
We included the temperature-humidity index (THI) in the analysis because it is a commonly used index in livestock production studies (Mader et al. 2009; Bohmanova et al. 2007) . We find that the summer THI index is significant and negatively affects stocking rate suggesting a higher summer THI index is harmful to livestock productivity, consistent with Hahn et al. (2005) and Nienaber and Hahn (2007) .
Our results also show that some regional dummy variables (e.g., Corn Belt, Lake States, North East, South Central and Southeast) are statistically significant and have positive effects relative to the Pacific Southwest (PSW). When controlling all other variables, these five regions have a higher stocking rate than the reference region.
We also find that stocking rate increases as the market value of livestock products increase. Assuming that the change in livestock production is relatively larger than the change in price due to inelastic demand, farmers are likely to raise more animals if livestock products become more profitable.
Climate projections and economic impacts assessment
Now, we examine the effects of projected climate change on land use shares and stocking rate. In addition, we evaluate the economic losses (gains) of farms adapting to climate change via land use change.
Adaptation projection under future climate change
To do the projection, we use the regression equation (with regional effects) estimated from historical data with climate variables derived from several climate projections. We utilize We use the average of observed temperature and precipitation in 1961-1990 as the baseline data. In forming the projections, we draw monthly mean temperature and monthly total precipitation and average them to generate seasonal temperature and precipitation data. We then predict land use probabilities using baseline climate data and alternative projected climate data. Table 5 presents the aggregated marginal effects on the probability of farmland use shares and livestock stocking rate at the national level. In the baseline, the probability of land use for crop and pasture usage is 60 % and 29 %, respectively. By the end of 21st century, the likelihood of crop land use declines to 50 % under GFDL: CM2.1 and to 57 % under MRI: CGCM2.3. In contrast, the probability of pasture use increases to 43 % under GFDL: CM2.1 and 32 % under MRI: CGCM2.3. Averaged across four GCMs and relative Projected changes in land use under climate change vary across the country. Figure 2 shows regional projections of crop land use probability, suggesting that effects on cropland use are greater in the central states with declines in the north and increases in the three most southern central states. Conversely, Fig. 3 reveals a relatively greater shift to pasture land in central (followed by western) regions. Projected stocking rate decreases in the second and third time periods, and persistently decreases in the central eastern states (see Fig. 4 ).
These results show that there will be producer actions in the form of autonomous adaptations as climate change proceeds with land flowing from crops to pasture and Fig. 2 Change in crop land probability. Absolute change in mean crop land probability (state map) and difference in mean crop land probability between time periods (bar graphs) stocking rates being reduced. This also suggests that public grazing allotments, largely in the U.S. west, may need to be reduced in some areas. More generally, producers and interested stakeholders likely need to monitor forage conditions for evidence of overgrazing with attention paid to potential stocking rate reductions. There are implications for wildlife related to reductions/increases in carrying capacity of grazing lands coupled with an expansion of grazing land uses on former croplands. Moreover, the results suggest changes in rural incomes as land for livestock use is generally worth less than land in cropping and lower stocking rates also would lower incomes.
Economic impact assessment
Under climate change, we find that more land is transferred from crop to livestock production use and the livestock stocking rate declines. To evaluate the associated economic losses (gains) to crop producers (livestock producers), we use crop and pasture land values in 2007 from USDA NASS, which is assumed to be constant over Using temperature and precipitation data from four GCMs, our projections suggest that climate change will induce land use change from cropping to pasture and stocking rate will decline particularly in the central and the southeast regions.
By adapting to future climate change, the annual economic losses to crop producers are around 14 million dollars and livestock producers will gain 29 million dollars by the end of this century. Like land use change, economic impacts of climate change on crop and pasture land change will vary across regions with some regions losing and others gaining. Therefore, farm programs or agriculture subsidy policies related to climate change adaption should consider these welfare changes.
All results in this paper are based on the assumption that price is taken as given. However, there will likely be a price response to productivity changes that will affect profits and land use choices. A natural extension of this research is to apply an economic model with endogenous prices. In addition, this study isolates effects of climate change on land use, while land use could also contribute to climate change . The interaction between climate change and land use should also be addressed in the future. 
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